Abstract-Conventional color flow images are limited in velocity range and can either show the high velocities in systole or be optimized for the lower diastolic velocities. The full dynamics of the flow is, thus, hard to visualize. The dynamic range can be significantly increased by employing synthetic aperture flow imaging as demonstrated in this paper. Synthetic aperture, directional beamforming, and cross-correlation are used to produce B-mode and vector velocity images at high frame rates. The frame rate equals the effective pulse repetition frequency of each imaging mode. Emissions for making the B-mode images and velocity maps are interleaved in a 1-to-1 ratio. This provides continuous data allowing a wide range of velocities to be estimated. Two cases are considered in the flow estimation: In the first case, the angle of the flow is determined from the B-mode image. In the other case, the angle is determined by estimating the flow velocity in all directions and choosing the one with the strongest correlation. The method works for all angles, including fully axial and fully transverse flows. Field II simulations with a 192 element, 7 MHz linear array are made of laminar, transverse flow profiles. For a simulated peak velocity of 0.5 m/s, the relative bias is −6.8% and the relative standard deviation is 6.1%. The bias on the angle is 0.98 degrees with a standard deviation of 2.39 degrees when using the flow estimator to determine the angle. For a peak velocity of 0.05 m/s, the relative bias of the velocity estimation is −1.8% and the relative standard deviation 5.4%. The approach can thus estimate both high and low velocities with equal accuracy and thereby makes it possible to present vector flow images with a high dynamic range. Measurements are made using the SARUS research scanner, a linear array transducer similar to the simulated one, and a recirculating flow rig with a blood mimicking fluid and a parabolic flow profile with a peak velocity of approximately 0.3 m/s. The relative bias of the velocity estimation is 0.19% and the mean relative standard deviation 4.9%. For the direction estimation, the bias is 3.2 degrees with a standard deviation of 1.6 degrees.
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I. INTRODUCTION
Ultrasound imaging of blood velocities is a wellestablished tool for diagnosing cardiovascular diseases. There are multiple approaches to detecting the velocities [1] , and this paper focuses on the time-shift based estimator [2] , also known as the cross-correlation estimator.
A typical color flow image is shown in Fig. 1(a) for the carotid at peak systole. The image is acquired by repedeatly pulsing in the same direction 8 times and then finding the velocity in that direction. The sequence is then repeated over the imaging region. The pulse repetiton frequency is adjusted to match the peak velocity in the vessel, so that no aliasing occurs and the complete vessel is filled out during systole. The corresponding image at diastole is seen in Fig. 1(b) , which is taken right before the image in Fig. 1(a) . Here there is hardly any flow in vessel, which obviously is not true for the carotid artery. The reason is that the velocities are significantly lower and are difficult to detect for the system. The minimum detecable velocity v min for the estimator roughly corresponds to:
where N is the number of emissions in one direction and v max is the maximum detectable velocity given by
Here c is the speed of sound, f 0 is the emitted frequency and f prf is the pulse repetition frequency. f prf can then be adjusted to estimate lower velocities, but this will introduce aliasing during systole. Another solution is to increase N , but this will correspondigly reduce the frame rate. The scheme is, thus, limited by the dynamic range of the velocity estimation, which stems from the sequential acquisition of the data.
Synthetic aperture imaging can solve the dynamic range problem. In synthetic aperture imaging, an image of the entire insonified region is created at each emission [3] , [4] . Each of these images is refered to as low-resolution image. By summing all low-resolution images in an emission sequence, a high-resolution image is formed. If the emission sequence is repeating with no break between the last emission of one iteration of the sequence and the first emission of the next iteration, data will be continuously available. In this case, recursive synthetic aperture (RSA) imaging is possible [5] . In RSA imaging, the low-resolution image contribution from a given emission is replaced when that emission is repeated. In this way, new high-resolution images can be created at the rate of the pulse repetition frequency (PRF).
RSA imaging can be applied to blood flow imaging when using cross-correlation estimators [6] . Combined with directional beamforming, both the velocity and angle of the flow can be determined. The concept is similar to that used to compensate for tissue motion in synthetic aperture B-mode imaging [7] . Here, a duplex imaging sequence is created that provides continuous data for both B-mode and flow imaging. This paper combines RSA, directional beamforming, and synthetic aperture duplex imaging to produce high-quality anatomical images and vector velocity estimates with high dynamic range and high frame rate.
II. METHODS
This section presents the flow estimation method. It is similar to a previously presented method used for tissue motion compensation in synthetic aperture anatomical imaging [7] .
Two emission sequences are needed for duplex imaging: one for B-mode images and one for flow estimation. The length of the B-mode sequence is N B emissions, while the length of the flow sequence is N F emissions. To provide continuous data, these sequences are interleaved in a 1-to-1 ratio. When the last emission is reached in one of the sequences, that sequence is simply restarted while the other sequence continues without interruption. In this way, an infinitely repeating emission sequence is produced for both imaging modes.
Denoting the pulse repetition frequency (PRF) of the combined sequences f prf , the effective PRF of either imaging mode (B-mode or flow) is f prf /2.
The acquired data from the B-mode emissions are used to create RSA B-mode images. This method produces highresolution images at a frame rate equaling the effective PRF.
For the flow processing, directional beamforming and RSA imaging are used. For each point in which the blood flow is to be estimated, lines are beamformed in the direction of the flow. If the flow estimator is used to determine the angle of the flow, lines are beamformed in all radial directions instead. This is done for every image point and every emission. The lines from N F successive emissions are summed to form a high resolution flow image. Stationary echo cancelling is performed by subtracting the average of a moving window of N ec high resolution images from each high resolution image. The lines in high resolution images spaced N F images are then correlated. The flow velocity is then determined by the lag of the peak of the correlation by
where d r is the sample distance along the beamformed line and l is the lag. When also determining the angle, the maximum is taken across all the correlation functions for a given point.
III. EXPERIMENTAL SETUP
Circular symmetric parabolic flow profiles are simulated using Field II [8] , [9] . A 7 MHz, 192 element, lambda-pitch, linear array transducer is used with defocused emissions. A 2-cycle sinusoidal pulse with a center frequency of 7 MHz is used. The simulated vessel has a diameter of 1 cm and is parallel to the transducer surface. Two peak velocities are simulated: 0.05 m/s and 0.50 m/s.
Measurements are made using the SARUS research scanner [10] , and a commercial linear array transducer (BK8804, BK Medical, Herlev, Denmark). Here, focused emissions are used to increase the energy of the returned signal. Otherwise, the parameters of the image acquisition and processing are as for the simulations. The flow rig includes a magnetometer (Magflo MAG3000 by Danfoss, Nordborg, Denmark) that measures the flow rate. The flow rig has a long entrance length and a constant flow, such that a parabolic flow profile can be assumed. From the flow rate and the radius of the vessel, the peak velocity can be calculated and used as a reference.
RF data are recorded for all channels individually in receive. These data are then processed offline using a beamformation toolbox developed in-house (BFT3) [11] .
IV. RESULTS Fig. 2 shows the simulation results for v peak = 0.5m/s. The top graph shows the estimated velocity profile along the vessel plus/minus one standard deviation. The middle graph shows the estimated angle plus/minus one standard deviation when radial lines are beamformed at every 10 degrees. The lower graph shows the velocity profile in the direction of the estimated angle. Fig. 3 shows the simulation results for v peak = 0.05m/s in the same order as Fig. 2 . Fig. 4 shows a flow profile plus/minus one standard deviation for the measurement. For the velocity magnitude, the solid line indicates the estimated velocity, while the dashed lines indicate plus/minus one stadard deviation. Table I shows the bias and standard deviations of the simulations and the measurement. For the velocity magnitudes, the relative bias and the mean relative standard deviations are shown. For the velocity directions, the bias and standard deviations are shown. For the measurements, a parabolic profile with v peak = 0.3m/s is fitted to the data and used as the true velocity profile. As can be seen, the velocity profile is accurately determined. For the slowly moving flow, the angle is not determined correctly, due to the very small movement (a fraction of the wavelength) between emissions. However, given the proper flow direction, the proposed method gives accurate results for both high and low velocities.
V. DISCUSSION
Given the accuracy of the proposed method, it can be used to expand the dynamic range of detectable flow velocities.
While an upper limit remains, it can be increased by increasing the pulse repetition frequency and/or lowering the length of the flow estimation emission sequence. Regardless of these parameters, having continuously available data removes any theoretical limit on the lower limit of the detectable velocities.
In this way, the issue demonstrated in Fig. 1 can be efficiently solved by setting the pulse repetition frequency such that the velocities at peak systole can be estimated. Then the velocities are detectable across the entire cardiac cycle without further operator adjustments. Furthermore, given the availability of continuous data, the image can be updated with every new emission, essentially producing a frame rate equal to that of the pulse repetition frequency.
VI. CONCLUSIONS
A synthetic aperture duplex imaging sequence for B-mode and flow imaging has been presented. The flow processing has been evaluated through simulations and measurements. The proposed method succesfully estimates the flow profile in all cases and the direction of the flow in most cases. The method can reduce the operator dependence on flow imaging by expanding the range of detectable velocities, while providing a frame rate equal to that of the PRF.
